This study quantifies the concentrations of circulating insulin, growth hormone, glucose, free fatty acids, glycerol, b-hydroxybutyrate, acetoacetate, and alpha amino nitrogen in 11 obese subjects during prolonged starvation. The sites and estimated rates of gluconeogenesis and ketogenesis after 5-6 wk of fasting were investigated in five of the subjects.
INTRODUCTION
Both liver and kidney have the enzymatic machinery to synthesize glucose (1, 2) and the liver is generally recognized as the major source of blood glucose after a brief postabsorptive period. Estimations of net splanchnic glucose production in man after an overnight fast vary from 122 to 420 g/day (3) (4) (5) (6) (7) , an amount which corresponds to approximately one-half of the basal caloric turnover. Were glucose production from amino acids to continue at this rate, all body protein would be consumed within several weeks. That a diminution of hepatic gluconeogenesis during prolonged starvation does Received for publication 13 August 1968 and in revised form 11 November 1968. occur is evidenced, however, by a reduction in urinary nitrogen to 3-5 g/day (8, 9) . In addition, ammonia replaces urea as the principal excreted nitrogenous product (8) , and in view of the recent observations coupling renal ammoniagenesis with gluconeogenesis (10, 11) , an evaluation of the renal and splanchnic roles in overall substrate balance is warranted. Preliminary reports of some of the data to be described have appeared (12, 13) .
METHODS
Subjects. 11 obese subjects were admitted to the Clinical Center of the Peter Bent Brigham Hospital for therapeutic starvation (Table I) . Each had previously been on various dietary regimes without success and volunteered for the studies described. They were informed of the nature, purpose, and risks involved in both the starvation and catheterization procedures.
On admission all had normal hemograms, urinalyses, chest and abdominal roentgenograms, electrocardiograms (except F.N. who had left ventricular hypertrophy), thyroid hormone levels, serum enzymes (alkaline phosphatase, lactic dehydrogenase, glutamic-oxalacetic transaminase), and normal concentrations of serum protein, cholesterol, phospholipids, triglycerides, electrolytes, urea nitrogen, and creatinine. Daily intake during starvation consisted of one multivitamin capsule (Unicap, Upjohn Co., Kalamazoo, Mich.), 17 mEq of NaCl, 1500 ml of water, and, intermittently, 13 mEq of KCl. Subjects were encouraged to participate in occupational therapy and daily walks. Of more importance, a strong rapport between physician and patient was established, leading, in most cases, to maintenance of weight reduction after termination of the studies.
Blood and urine collections. During the prestarvation period, an intravenous glucose tolerance test was performed in each subject by rapid intravenous injection of glucose (0.5 g/kg body weight) with blood drawn for analysis at 10 min intervals for 1 hr after the infusion. For the remainder of the studies blood specimens were obtained at 7 a.m. before the subjects arose from bed, at 3 days prestarvation, on the morning fasting was initiated, 3 days after initiation of starvation, and at weekly intervals there-
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The Journal of Clinical Investigation Volume 48 1969 (8, 14) including that of growth hormone (15) . During the prestarvation period, subjects were maintained on a 2500 kcal per day diet consisting of 300 g carbohydrate, 100 g protein, and 85 g fat. All had previously been on a random diet with neither weight gain nor loss immediately before the study.
Blood flow. Effective renal blood flow (ERBF) was estimated in five subjects by clearances of sodium para-aminohippurate (16) . Subject F.N. had a single determination after 28 days of starvation. They were encouraged to drink water freely on the night before the clearance study, and after rising and emptying the bladder at 7:00 a.m., they received 1000 ml of water by mouth during a 15-20 min period, followed by supplemental amounts to maintain urine flow greater than 5 ml/min. One Blood samples were obtained simultaneously from the arterial, renal, and hepatic veins every 15 min for four to six periods in most cases. The samples were immediately prepared for analysis of oxygen, carbon dioxide, and metabolic substrates. Blood pressure and heart rate were monitored continuously during the procedure and did not change significantly. The patients received an isovolumetric replacement of the withdrawn blood by 5% human albumin in 0.9%o sodium chloride.
Hepatic blood flow was estimated at the time of catheterization in two subjects (M.B. and F.F.) using Indocyanine green (17) . After injection of 0.5 mg/kg body weight of dye, arterial and hepatic plasma concentrations were determined at 3-min intervals for 21 min at 805 mAt using a Beckman DU spectrophotometer. Plasma volume was calculated from the zero-time intercept of the arterial clearance curve. Hematocrit was measured in an arterial blood sample and corrected for trapped plasma and body hematocrit according to Chaplin, Mollison, and Vetter (18) . Estimated hepatic blood flow (EHBF) was calculated from the clearance constant of dye for arterial plasma (k), blood volume (V), and the fractional extraction of dye in the liver (E) according to the equation: EHBF = (kV) /E.
Cardiac output was determined from arterial dye dilution curves after single intravenous injections of 5 mg of Indocyanine green. The area under the curve was measured by planimetry. Calibration was made by analyses of two blood samples with known dye concentrations. Statistical calculations were made according to Snedecor (19) .
RESULTS
In Table II 24 is significant (P < 0.05 and P <0.01 respectively). Serum levels of a-amino nitrogen also fell and the decrease is significant after 17 days of fasting (P < 0.05). It should be stressed that this determination is a gross representation of all the amino acids and does not reflect the individual fluctuations which may be marked, a topic currently under study (20) . The concentrations of /8-hydroxybutyrate and acetoacetate rose slowly for the 1st 3 days (Fig. 2) , and between days 3 and 24 a greater rise occurred, especially when considered in relation to the simultaneous free fatty acid concentrations. It is interesting to note that the rise in /3-hydroxybutyrate and acetoacetate was associated with an increase in the ratio between the two metabolites, changing from approximately 2 at the beginning to 4.5 on the 17th day. The changes in venous glycerol levels (Table II) were not statistically significant.
In Fig. 3 is presented the urinary nitrogen excretion of a typical subject (F.N.). During the control period there were fluctuations, primarily in urea, which comprised the major component. Daily nitrogen excretion decreased progressively for the 1st 4 wk of fasting after which it remained fairly constant at about 3-6 g/day.
In the five subjects who underwent catheterization studies, the mean nitrogen excretion fell to 4.7 g/day of which 42% was ammonia (Table III) . Urea excretion decreased to an average of 1.55 g/day, 33% of the total.
In Table IV The hemodynamic data for the five subjects who underwent catheterization are presented in Table V . For the three subjects who did not have hepatic flow determined directly and for the subject in whom no renal flow determination was made, it was assumed that 20% of the cardiac output for each represented an approximate estimation for liver and kidney blood flow (21) , and further extrapolations were based on this assumption.
Successive estimates of renal blood flow were made during starvation. It is interesting to note that they failed to demonstrate any significant change (Fig. 4) . (26) , and that insulin insensitivity is correlated with an increased lipid content in each cell (27) .
After the subjects lost weight and reduced their adipose cell size, insulin sensitivity and serum immunoreactive insulin levels returned to normal.
When the present obese subjects are compared to previously studied normal subjects in our laboratory (14) , the obese patients exhibit the expected increased basal levels of insulin, glucose, and free fatty acids after an overnight fast. However, after 3 and 7 days of starvation substrate levels were not different between normals and obese subjects. On the other hand, insulin concentrations were 8.0 +0.7 and 7.7 ±0.5 ,U/ml in the normals compared with 20.0 +5.0 and 20.0 +3.0 /uU/ml in the obese. Thus the persistent hyperinsulinemia observed in the starved obese subjects suggests a "relative" insulin resistance of the lipolytic mechanism of their adipose tissue during fasting. Similar results have been observed by Solomon Fig. 2 and Table  II) . Free fatty acid oxidation inhibits rate-limiting glycolytic enzymes (29) , promotes increased activity of key gluconeogenic enzymes (30) , and furnishes reduced pyridine nucleotides essential for glucose synthesis (31, 32) . f3-hydroxybutyrate, acetoacetate, and respiratory gases.
In the present study the liver extracted 19% and the kidney 8% of the arterial free fatty acid content. The latter figure, however, is probably high, the mean being elevated primarily by data from subject MB whose kidney inexplicably extracted 0.332 mmoles free fatty acids/ liter of plasma. These findings and the quantities of oxygen consumed and carbon dioxide produced by the splanchnic and renal tissues are in good agreement with the data of others (4, 5, 7, 32, 33 (34) . Of interest is the renal uptake of /3-hydroxybutyrate and the production of acetoacetate, accentuated all the more when corrected for urinary loss. The data show that renal handling of these substrates is not a process of simple filtration with reabsorption, but is complicated by metabolism and interconversion. Total balance. Using the flow data from Table V , and appreciating that these are approximations in several cases, the net exchanges for carbohydrate, f3-hydroxybutyrate, and acetoacetate, and other substrates can be extrapolated to a 24 hr period of time. It must be emphasized that these calculations do not take into account diurnal changes, if they exist, changes due to activity or other inaccuracies inherent in using arteriovenous differences, and a single flow determination, particularly in a sedated subject undergoing an experimental procedure.
Certain tissues, especially the cellular blood elements, derive their energy from glycolysis without terminal 580 0. E. Owen, P. Felig (14, 35) . As discussed in a previous publication, a reduction in protein catabolism during prolonged starvation is mandatory for survival (36) . Data in Fig. 3 and Table  III corroborate this fact, showing the total mean urinary nitrogen excretion falling to 4.66 g/day. Urea excretion decreased the most, suggesting diminished hepatic gluconeogenesis from amino acids. In contrast, the need to titrate the urinary loss of 83-hydroxybutyrate and acetoacetate with ammonium cations resulted in an increased ammonia excretion amounting to 42% of the total nitrogen. In vitro experiments using rat renal cortical tissue have coupled ammoniagenesis with gluconeogenesis (10, 11) , and the substrate balance data across the kidney are further support for this relationship.
The amount of glucose derived from amino acids can be estimated from urinary nitrogen excretion or from a-amino nitrogen differences across the liver and kidney. (38) .
The present study has demonstrated that there is a reduction in the total amount of glucose produced during prolonged starvation. The estimated hepatic-renal glucose production calculated from the limited flow data was 86 g/24 hr. The liver contributes approximately 55% and the kidney 45% of the total. The estimated glucose quivalent is 83 g/24 hr calculated from the measured hepatic-renal uptake of lactate, pyruvate, glycerol, and a-amino nitrogen from arterial blood. About onehalf of the glucose formed, as discussed above, is derived from recycled lactate and pyruvate. The remaining glucose, derived from glycerol released from triglycerides and amino acids mobilized from proteins, can be terminally combusted to C02. The central nervous system, deriving the major proportion of its energy from /8-hydroxybutyrate and acetoacetate (32 and 6 g/day, respectively) (8) General connents. We have specifically limited the discussion to the physiological observations and extrapolations derived therefrom without expanding upon mechanisms. All tissues metabolize fat or fat-derived products with but few exceptions. The glycolytic tissues which consume glucose and produce lactate derive the r energy from fat metabolism in liver and kidney, the glucose-to-lactate-to-glucose cycle serving as an energy shuttle. Protein is catabolized in the minimum amount needed to provide ammonia for excretion with urinary organic acids. The deaminated and deamidated residues are converted into glucose, and this glucose plus that amount derived from glycerol is consumed by brain as its minimal obligatory amount, the other and major proportion of brain's fuel being 83-hydroxybutyrate and acetoacetate, which are, again, fat-derived products. These 
